Bacteriophage T5 has a 120 kb double-stranded linear DNA genome encoding most of the genes required for its own replication. This lytic bacteriophage has a burst size of $500 new phage particles per infected cell, demonstrating that it is able to turn each infected bacterium into a highly efficient DNA manufacturing machine. To begin to understand DNA replication in this prodigious bacteriophage, we have characterized a putative helicase encoded by gene D2. We show that bacteriophage T5 D2 protein is the first viral helicase to be described with bipolar DNA unwinding activities that require the same core catalytic residues for unwinding in either direction. However, unwinding of partially single-and double-stranded DNA test substrates in the 3 0 -5 0 direction is more robust and can be distinguished from the 5 0 -3 0 activity by a number of features including helicase complex stability, salt sensitivity and the length of single-stranded DNA overhang required for initiation of helicase action. The presence of D2 in an early gene cluster, the identification of a putative helix-turn-helix DNA-binding motif outside the helicase core and homology with known eukaryotic and prokaryotic replication initiators suggest an involvement for this unusual helicase in DNA replication initiation.
INTRODUCTION
Bacteriophage T5 has an unusual and highly efficient replication cycle compared with the well-characterized T4 and T7 phages (1, 2) . T5 infection proceeds via a two-step DNA transfer mechanism (3) whereby the first 8% of the linear genome corresponding to a terminal repeat is initially injected into the host cell ( Figure 1 ). Phage-encoded 'pre-early' genes are transcribed and translated leading to inactivation of host cell transcription and destruction of host-specific DNA. The remaining phage DNA is then injected into the cell allowing temporally distinct expression of early and late genes (2) . T5 infection ultimately results in the production of up to 600 new infectious particles per bacterial cell (4) . Despite this highly efficient process, few components of the bacteriophage T5 replication machinery have been characterized at the protein level. Analysis of the T5 genome indicates the presence of several 'early' genes likely to encode proteins involved in DNA replication and repair processes ( Figure 1 ). The most extensively studied of these proteins is the product of the D15 gene. It is a 5 0 nuclease sharing homology with the small fragment of Escherichia coli (E. coli) DNA polymerase I (PolI), an enzyme involved in processing Okazaki fragments (5-7). The nearby D9 gene encodes a DNA polymerase, equivalent to the Klenow domain of DNA polymerase I (8), as well as RNase H and DNA ligase homologues (9) . The early region also contains the D2 gene encoding a putative helicase, a class of enzymes crucial for DNA replication.
Helicases are nucleic acid translocases that use the energy of nucleotide hydrolysis to unwind duplex nucleic acid structures. As a result, they are players in almost all cellular processes involving double-stranded nucleic acids and are often involved in replication initiation (10) (11) (12) . Replicative DNA helicases typically form stable hexameric rings on DNA and unwind long (kilobase) stretches of double-stranded DNA (dsDNA), while helicases involved in DNA repair tend to function in a low oligomeric state (monomer/dimer) and unwind short stretches of DNA. Helicases involved in DNA replication and repair usually recognize specific DNA structures, and this, rather than specific base sequence recognition, underlies substrate specificity (13) (14) (15) (16) . Many helicases are also modular and, as well as a catalytic helicase core, they contain accessory modules that contribute to functional diversity. For example, the human Werner syndrome helicase has nuclease and strand-annealing domains required for its genome stabilizing function (17) , while the replicative DNA helicases of the small DNA tumour viruses such as SV40 and papillomavirus are fused to dsDNA-replication-origin-binding domains that allow them to function in replication initiation (18) .
A classification system for helicases based largely on primary sequence analysis has been defined (10) . Members of six superfamilies (SF1-6) are recognized according to sets of conserved motifs. For example, superfamily 1 (SF1), whose members include the bacterial helicases Rep, PcrA and UvrD, contains 11 distinct signature motifs. SF3, a small group of helicases from RNA and DNA viruses, contains 5 motifs. A more recent and in-depth analysis of the sequence and structure of the largest superfamilies, SF1 and SF2, identified discrete families within each division (19) . However, regardless of the individual superfamily groupings, there are three core motifs common to all helicases: The Walker A (GxxxxGK[ST], x denotes any amino acid) and Walker B (hhhhDE, where h is a hydrophobic residue) boxes of the P-loop NTPase fold and an arginine finger domain with a conserved arginine residue. Walker A and B residues bind the phosphates (b and g) of the bound nucleotide and the conjugated Mg 2+ ion, respectively, while the arginine finger residue interacts with the g-phosphate.
Together, these coordinating residues stabilize the NTP:protein complex during hydrolysis, promote catalysis and communicate the resulting protein conformational changes that drive helicase action (10) .
Helicases have also been subgrouped according to various structural and mechanistic differences such as those described above. One property of helicases that are also single-stranded DNA (ssDNA) translocases is that they generally move in either the 5 0 to 3 0 or 3 0 to 5 0 direction on the tracking strand (10) . This operational definition arises from the ability of the helicase to bind to and initiate unwinding from partially single-and double-stranded test substrates with either 5
However, a small number of helicases have been shown to possess both 5 0 -3 0 and 3 0 -5 0 unwinding activities encoded within a single polypeptide, suggesting that they could be involved in several biochemical pathways [for example, (13) ]. Here we have performed the first biochemical characterization of a helicase encoded by the D2 gene from bacteriophage T5 and show that it is one of this rare group of bipolar helicases. Our initial bioinformatics analysis identified the human Herpes Virus (HSV1) replication initiator protein UL9 and prokaryotic RepA replication initiation helicases as the closest characterized sequence homologues in the sequence databank. The D2 protein possesses consensus Walker A and B boxes and helicase motifs V and VI (arginine finger) that are most similar to the consensus sequences of SF2 helicases. There is also a putative helix-turn-helix (HTH) motif outside the helicase catalytic core. D2's robust but atypical catalytic activities, combined with the absence of easily identifiable relatives among prokaryotic viruses outside the T5 genus, suggest that this protein may be evolutionarily streamlined to the highly efficient replication process of bacteriophage T5, in which each infected bacterial cell produces up to 50 times more DNA in the form of viral T5 genomes than was initially present in the cell on infection (4).
MATERIALS AND METHODS

Sequence analysis of bacteriophage T5 D2
The bacteriophage T5 D2 protein sequence (accession number AAU05245) was analysed using online bioinformatic software. The potential functional domains and conserved motifs of the D2 protein were predicted by InterPro (20) , PROSCAN (21), the Coils server (22) and genome, which contains direct terminal repeats of $10 200 bp (black arrows) carrying the pre-early genes. The 'early' and 'late' genes are located on contiguous segments indicated by the open and grey double-headed arrows, respectively. The middle panel shows genes flanking D2 that are involved in DNA replication, with direction of transcription indicated by the arrows. These include genes encoding ribonuclease H (rnhA, AAU05228), thymidylate synthase (thyA, protein accession number AAU05229), ribonucleoside-diphosphate reductase alpha and beta chains (nrdA, AAU05233; nrdB, AAU05231), anaerobic ribonucleoside-triphosphate reductase (nrdD, AAU05236), D2 (AAU05245), NAD-dependent DNA ligase subunit A and B (ligA, AAU05253, ligB AAU05254), a second putative replicative DNA helicase (dnaB, AAU05256) and the D9 DNA polymerase (D9, AAU05259). The lower panel shows a schematic of the D2 protein. Two regions of the protein 270-289 and 907-928 predicted to have a >80% probability of forming coiled-coil regions are shown as black rectangles. The region sharing conservation with replication initiation proteins from bacteria and eukaryotic viruses is shaded in grey (residues 389-690), a Walker A motif (motif I, residues 396-406), Walker B motif (motif II, residues 475-489), motif V (residues 632-653) and arginine finger (motif VI, residues 668-682) are indicated. A potential HTH DNA-binding domain was identified (residues 308-329), indicated by H in the figure.
HTH motif prediction (23) . Homologues of the D2 protein were identified using BLASTP (24) , and additional helicase motifs in D2 were identified following a ClustalW alignment (25) with available data for sequence homologues in the database, human herpesvirus UL9 and RepA-family proteins from Halomonas phage and Pseudomonas putida.
Generation of expression constructs
The D2 open reading frame (ORF, GenBank accession number AY692264, bp 51489-54275) was amplified from bacteriophage T5 genomic DNA (isolated as described in (26) by primer extension with Pfu DNA polyermase (Promega) using the following primers: ATGCGGTCTC TTATGGTGTTTTCTATCCTCCAAGG (sense) and TCGCGGATCCTCATGCATCTTCATTAGTTG (antisense). Digestion with BsaI and BamHI (underlined) followed by incorporation of dCTP and dATP with Klenow created NdeI and BamHI cohesive ends for cloning into the vector pHisMAL, a modified pET vector carrying an N-terminal 6Â histidine (His) tag in frame with the maltose-binding protein (MBP) ORF and a thrombin cleavage site (C-terminal to MBP). The K405E mutant was generated by overlapping primer extension using mutagenic primers (27) . The sequence of all constructs was verified by BigDye Terminator v3.1 Cycle Sequencing Kit and ABI PRISM TM 3730 DNA Analyzer (Applied Biosystems) at the Genetics Core Facility, the University of Sheffield.
Protein expression and purification
E. coli BL21(DE3) was transformed with expression constructs and cultures grown in 2Â YT medium supplemented with 100 mg/ml of ampicillin at 37 C. At an A 600nm of 1.0, isopropyl-b-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM to induce His-MBP-tagged D2 [wild type (WT) or K405E] protein expression at 25 C for 8 h. Bacterial pellets were obtained by centrifugation at 10 000g for 20 min and stored at À80 C until use. Thawed pellets ($60 g) were resuspended in 1.5 ml/g of lysis buffer+0.1 M NaCl (25 mM Tris-HCl, pH 7.5, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulphonyl fluoride (PMSF), 5 mM 1,4-dithio-DL-threitol (DTT), 10% v/v glycerol and treated with lysozyme (1 mg/ml, stirring at 4 C for 30 min), followed by the addition of a further 1.5 ml/g of lysis buffer+1.9 M NaCl. Cells were sonicated to reduce viscosity and the extract cleared by centrifugation at 40 000g for 30 min. Polyethylenimine (5% w/v, pH 8.0, Sigma-Aldrich) was added to the supernatant to a final concentration of 0.5% w/v, and after incubation for 5 min, the mixture was centrifuged at 40 000g for 5 min. The supernatant was then incubated with amylose agarose beads (1 ml per 20 g of E. coli cells, New England BioLabs) for 12-16 h. The beads were washed in batch (50 bead volumes of lysis buffer), loaded into a column and washed with 50 bead volumes of lysis buffer with 0.5 M NaCl, no PMSF. The protein was eluted with elution buffer (25 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 1 mM DTT, 20 mM maltose, 10% v/v glycerol). The protein extract was then diluted with 5 volumes of HisTrap buffer (25 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 10% v/v glycerol) and applied to a 1-ml HisTrapTM HP affinity column (GE Healthcare). Protein was eluted with a linear gradient of 0.01-0.25 M imidazole in HisTrap buffer. D2 was further purified by anion exchange chromatography (Source Q, GE Healthcare, 25 mM Tris-HCl, pH 8.5, 1 mM EDTA, 5 mM DTT, 10% v/v glycerol, 0.1-0.4 M NaCl gradient). Peak fractions were pooled, concentrated, aliquoted and stored at À80
C. The protein concentration of His-MBP-tagged D2 WT and K405E was determined by Bradford assays (28), according to the manufacturers' instructions (BioRad), using bovine serum albumin (BSA) as a standard.
Enzymatic assays
ATPase assays were performed in 20 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid (HEPES)-NaOH, pH 7.5, 20 mM NaCl, 0.1% v/v NP40 alternative (Calbiochem), 0.1 mg/ml of BSA, 2 mM DTT, 0.0125 mM [g- C for 15 min unless stated otherwise. The release of radioactive phosphate was determined using the charcoal-binding assay of Iggo and Lane (29) . Helicase substrates were generated with one or more component oligonucleotides 5 0 -end labelled using T4 polynucleotide kinase (New England BioLabs) and [g- 0 T 55 ssDNA tail and 25, 76 and 153 bp dsDNA portions were generated as described in (30) . Briefly, the substrates with 76 and 153 bp of dsDNA were generated from polymerase chain reaction (PCR) products that incorporated a site for the nicking endonuclease Nt.BbvCI close to a DNA end, while the ds25 substrate was generated by annealing and ligating three oligonucleotides. PCR product were first nicked, heated to displace a short oligonucleotide and then ligated to an oligonucleotide with a complementary stretch of bases and 55 T residues. The matching series of substrates with a 5 0 T 55 tail used here were made in a similar way; Nb.BbvCI and the oligonucleotide 5 0 -(T) 55 
Gel-shift assays
The substrates for DNA-binding reactions were end labelled with [g-32 P]ATP and purified as described above. The reactions (20 ml, 0.05 nM substrates) were performed in 20 mM HEPES-NaOH, pH 7.5, 100 mM NaCl, 0.1% v/v NP40 alternative, 0.1 mg/ml of BSA, 2 mM DTT, 1 mM EDTA, 10% v/v glycerol at 22 C for 15 min. The binding reactions were separated on 5% (80:1) polyacrylamide gels in 0.25Â TBE buffer, visualized and quantified as above.
RESULTS
Sequence analysis of bacteriophage T5 D2
The D2 amino acid sequence was analysed for known motifs using a number of web-based sequence tools. InterProScan identified one conserved domain (PF02399, Pfam database; amino acids 392-532), which is also found in herpesvirus origin-binding proteins and is probably involved in origin-dependent DNA replication. PROSCAN found a single classical ATP-binding signature, the Walker A motif (motif I) at amino acids 399-406 within this putative conserved domain. The sequence also contained two regions potentially able to form coiled coils. BLASTP analysis of the D2 sequence revealed homology with DNA replication origin-binding proteins and helicases from viruses including herpesvirus UL9 (AER38017), and replication proteins from Halomonas phage (YP_001686772) and P. putida (ADR59589, see Supplementary Figure S2 ). Moreover, Walker B (DEAD box), motif V and potential arginine-finger residues were identified by the ClustalW sequence alignments of D2 with UL9 (Supplementary Figure S2) . Finally, HTH prediction software detected a HTH DNA-binding motif located at amino acids 308-329 ( Figure 1 ).
Expression, purification and initial characterization of recombinant D2
WT D2 and a Walker A K450E mutant were expressed as His-MBP-tagged fusion proteins in E. coli BL21(DE3) for subsequent purification. Figure 2A shows an SDS-polyacrylamide gel electrophoresis (PAGE) analysis of His-MBP-tagged D2 WT and K405E after each purification step. The molecular weight of the His-MBP-tagged D2 WT and K405E major expression products were $150 kDa, as predicted for the full-length recombinant ORFs (148 kDa). The purity of the recombinant expression product samples at each step was estimated by densitometric analysis of the SDS-PAGE gel and each was finally obtained to $98% purity (Supplementary Table  S1 and Figure 2A ). Attempts to cleave D2 from the His-MBP affinity tag using intervening sites for the site-specific proteases thrombin, enterokinase, Prescission Protease TM and TEV all resulted in low levels of specific cleavage and degradation of full-length D2 (not shown). For simplicity, the His-MBP tagged proteins used for analysis are referred to below as D2 WT and mutant.
The ATPase activity of D2 WT and K405E protein samples from each purification step were determined in the presence of T 55 ssDNA and for D2 WT protein samples a robust ATPase activity was obtained that increased in specific activity through each purification step ( Figure 2B ; see also Supplementary Table S1 detailing the purity and specific ATPase activity at each step). For D2 K405E protein samples, the ATPase activity decreased after each purification step ( Figure 2B ), and the final purified D2 K405E protein sample lacked any significant ATPase activity, as did a control His-MBP protein (HM, Figure 2A , lane 9) after only the first two affinity steps (Supplementary Table S1 ). Figure 2C demonstrates that the ATPase activity of WT D2 after the final purification step was largely dependent on the addition of exogenous T 55 ssDNA, while the K405A mutant lacked activity, with or without T 55 .
D2-ssDNA binding (without ATP/Mg 2+ ) was also tested directly using a 32 P-end-labelled T 25 substrate and an electrophoretic gel mobility shift assay (EMSA). The K405E mutation did not reduce D2 ssDNA-binding activity ( Figure 2D , lanes 5-8 compared with 1-4), indicating that this mutation does not have a wider disruptive effect on protein function. No DNA-binding activity was detected for the control protein His-MBP (data not shown). A comparison of the ability of a series of short ds-, ss-and partially single-and double-stranded DNAs to stimulate the ATPase activity is also shown in Figure 2E (see also below). The data demonstrate that a 20 bp duplex with 3 0 T5 tail (ds20-3 0 T 5 ) stimulates the ATPase activity of D2 better than the same duplex sequence with a 5 0 T5 tail (5 0 T 5 -ds20), and significantly better than the blunt-ended 20 bp duplex sequence or T 12 ssDNA.
D2 is a bipolar DNA helicase
Given that D2 bound ssDNA and that stimulation of ATPase activity preferred partially single-and doublestranded substrates, we next asked if D2 had helicase activity ( Figure 3 ). D2 did not unwind blunt-ended dsDNA substrates (ds20 and ds40, Figure 3A , lanes 1-10), but it could unwind the 20 bp dsDNA substrates with a 5 0 or 3 0 oligo-dT 55 ssDNA overhang (substrates 5 0 T 55 -ds20 and ds20-3 0 T 55 , lanes [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, the extent of unwinding of test substrates in the 3 0 -5 0 direction (substrate ds20-3 0 T 55 ) was greater than that in the 5 0 -3 0 direction (substrate 5 0 T 55 -ds20). As shown in the graph on the right of Figure 3A, Figure S4) . To complement the helicase assays, we also performed DNA-binding EMSA in the absence of ATP/Mg 2+ with D2 and the 32 P-end-labelled helicase/ATPase substrates ( Figure 3B ) and ATPase assays ( Figure 3C ). As above, a single discrete complex for D2 binding to T 25 ssDNA was observed in EMSA ( Figure 3B, lanes 1-4) , but stable binding to the blunt-ended duplex substrates ds20 and ds40 was not observed (lanes 5-12), even though they can stimulate ATPase activity ( Figure 3C ). D2 could also bind to 5 0 T 25 -ds20 and ds20-3 0 T 25 (substrates with a 20 bp duplex and T 25 tails) to form a discrete protein-DNA complex ( Figure 3B, lanes 13-20) . As with the preferential unwinding of the substrate with a 3 0 T overhang, D2 showed a higher binding affinity for ds20-3 0 T 25 compared with 5 0 T 25 -ds20 (>8-fold, at 0.05 nM D2, lane 19 compared with lane 15 and graphed data to the right in Figure 3B ) and a higher stimulation of ATPase activity ( Figure 3C ). Furthermore, mutant D2 K405E was inactive as either a helicase or ATPase, while retaining full DNAbinding activity (Supplementary Figure S5) , indicating that the catalytic residues (Walker A) for ATP hydrolysis are required for unwinding DNA in either direction.
Initiation of 5
0 -3 0 and 3 0 -5 0 helicase activity as a function of substrate ssDNA tail length As described above ( Figure 3A ), D2 only unwound duplex DNA (20 bp) with a T 55 5 0 or 3 0 ssDNA overhang (tail). The effect of the length of the 5 0 or 3 0 single-stranded tail on helicase action was investigated using substrates with a 20-bp dsDNA component and oligo dT tails from 0 to 55 bases (Figure 4) . Again, blunt-ended dsDNA (ds20, without a tail) was not unwound ( Figure 4A and B,  lanes 1-5) . The results for substrates with a 3 0 tail ( Figure 4A , lanes 6-35 and graphed data on the right) demonstrate that D2 requires only a 5-base 3 0 tail for initiation of unwinding. Approximately 76% of the substrate ds20-3 0 T 5 was unwound (10 nM D2), and when the 3 0 tail length was extended from 5 to 35 bases (10-base increments), the extent of unwinding activity increased only slightly, reaching a plateau of $90% substrate unwound (10 nM D2). For substrates with 5 0 oligo-T tails ( Figure 4B ), the substrate with a 5-base 5 0 tail, (5 0 T 5 -ds20) was a poorer substrate for D2, with $10% unwinding at 10 nM D2 compared with 76% for ds20-3 0 T 5 as described above. The proportion of substrate unwound by D2 increased sharply as the 5 0 tail length was extended from 5 to 15 bases ($50% of 5 0 T 15 -ds20 unwound) and rose slightly thereafter when the 5 0 tail length was increased to 35 bases ($60% unwound with 10 nM D2). A further increase in the efficiency of initiation of unwinding was observed when the 5 0 tail length was increased to 45 bases ($70% of 5 0 T 45 -ds20 unwound), but no further increase in the extent of unwinding was observed when the 5 0 tail length was extended to 55 bases. In summary, compared with the 5 0 tail substrates, substrates with shorter 3 0 tails were better substrates for the initiation of D2 unwinding. 
D2 binding to partially single-and double-stranded helicase substrates
We also analysed DNA binding to the same 5 0 and 3 0 ssDNA tailed duplex helicase substrates by EMSA, for binding reactions without ATP/Mg 2+ ( Figure 5 ). For the 3 0 -tailed substrates, a stable D2-DNA complex was not observed under these conditions for substrates with a 3 0 tail of 5 bases or less (ds20 and ds20-3 0 T 5 , Figure 5A , lanes 1-8 and the graph to the right). The extent of binding increased sharply as the 3 0 tail was extended from 15 to 25 bases (from $20% of ds20-3 0 T 15 bound to $65% of ds20-3 0 T 25 bound, 0.1 nM D2) and only one predominant protein-DNA complex (C1) was observed (lanes 9-16). A further increase in the tail length (35 to 55 residues) resulted in the appearance of a second complex (C2) first with substrate ds20-3 0 T 35 . In contrast, with the 5 0 tail substrates ( Figure 5B) , there was no detectable D2 binding to substrates with a 5 0 tail of 15 bases (lanes 1-12 and the graphed data). Although less than that observed with the 3 0 -overhang, significant quantities of product were observed with substrates possessing 5 0 -overhangs of 25 nucleotides (5 0 T 25 -ds20). When the 5 0 tail length was increased from 25 to 55 bases (5 0 T 25 to 5 0 T 55 -ds20), D2 was bound with gradually increasing affinity (from $10% of 5 0 T 25 -ds20 bound to $42% of 5 0 T 55 -ds20 bound, 0.1 nM D2) and there was one main complex observed (C1). A second complex (C2) was only detected with substrate 5 0 T 55 -ds20 at the higher D2 concentrations (lanes 27 and 28).
The smallest ssDNA tail length where we observed C2 formation on the helicase substrates was 35 nucleotides. C2 is also first detectable with ssDNA poly T substrates of 35 nucleotides (Supplementary Figure S6) . When we quantified accurately, in an extended protein titration series, the extent of complex formation on the helicase substrates with 55 base 5 0 and 3 0 extensions ( Figure 5C ), the fraction of DNA bound was similar at each protein concentration. However, for ds20-3 0 T 55 , as the protein concentration increased, the ratio of C1:C2 decreased progressively, while for 5 0 T 55 -ds20, complex C1 remained the dominant species that formed, only until the higher protein concentrations were reached. Therefore, C2 forms more efficiently on the substrates with a 3 0 tail, suggesting that C2 is derived from C1 and is influenced by the polarity of DNA binding. Figure 7 . D2 was pre-incubated with 32 P-radiolabelled substrates in the absence of ATP (15 min) before the addition of excess unlabelled T 55 competitor ssDNA and the ATP required to initiate helicase action. In parallel control reactions D2, labelled substrate and competitor DNA were premixed before the addition of ATP. For substrate, 5 0 T 55 -ds76 (lanes 1-16) , $34% of the substrate was unwound under the standard assay procedure (lane 4). In control reactions (indicated 'C'), all concentrations of competitor DNA, from 10-to 10 000-fold excess over D2 protein, abolished unwinding. When D2 was pre-incubated with labelled substrate before the addition of ATP and competitor ssDNA (indicated 'P'), only low levels of substrate unwinding were observed, (up to $1.3%; for example, lane 10 compared with 9). In contrast, for substrate ds76-3 0 T 55 (lanes 17-32), competitor DNA concentrations exceeding a 1000-fold excess over D2 protein were required to completely abolish unwinding in control reactions (compare lane 20 with lanes 29 and 31). However, at these same concentrations of competitor ssDNA (!1000-fold excess), when substrate and D2 were pre-incubated before the addition of ATP and competitor, the extents To further investigate the DNA helicase substrate specificity of D2, we determined how NaCl concentration influenced unwinding activity. Using the dsDNA substrates with 55 base 5 0 or 3 0 T overhangs (5 0 T 55 -ds20 and ds20-3 0 T 55 ), the salt concentration in helicase reaction was varied from 20 to 140 mM in 20 mM increments (Supplementary Figure S7 ). As summarized in Figure 8A , the 3 0 -5 0 unwinding activity was not affected by changes in NaCl concentration over the entire range tested (lanes [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In contrast, however, the 5 0 -3 0 unwinding activity decreased progressively as the salt concentration was increased, to $10-fold inhibition at 140 mM NaCl ( Figure 8A, lanes 1-10, and Supplementary Figure S7) .
When the ATPase activity stimulated by the helicase substrates with either 3 0 or 5 0 T 55 tails was compared at 20 or 140 mM NaCl, it was observed that at 20 mM NaCl, ATPase activity increased in the presence of 5 0 T 55 -ds20 compared with ds20-3 0 T 55 , although it is the poorer helicase substrate ( Figure 8B ). This is in contrast to helicase substrates with short 5 0 oligo T extensions (e.g. 5 base, Figure 2 , and 25 bases, Figure 3 ) that trigger lower levels of ATPase activity compared with the substrates with similar 3 0 overhangs. However, at 140 mM NaCl, the ATPase activity of D2 was lower in the presence of both helicase substrates, but the difference between them was small (29.3 s À1 for substrate ds20-3 0 T 55 and 28.0 s
À1
for 5 0 T 55 -ds20).
DISCUSSION
The D2 ORF resides in the 'early' gene region of the bacteriophage T5 genome and is flanked by genes encoding a number of replication proteins, including DNA polymerase, RNaseH and two putative helicases, D6 and D10. The T5 D2 amino acid sequence was predicted to contain a HTH DNA-binding motif, potential coiled-coil-forming helices and four principal conserved helicase motifs (Figure 1 ). Because the sequence of motifs V and VI belong to SF2, D2 is most likely an SF2 helicase. Homology searches using the D2 protein sequence identified significant similarity with several replicationorigin DNA-binding helicases. The best characterized is the herpesvirus UL9 protein, also an SF2 helicase-family member, which binds specifically to the viral origin of replication (31) . Recent evidence suggests that UL9 exists as reciprocal dimers, i.e. the N terminus of one molecule interacts with the C terminus of the second (32) . UL9 helicase also interacts with two other virally encoded proteins, ICP8 and UL42, enhancing its ability to unwind DNA (33) . While the well-characterized RepA of E. coli plasmid RSF1010 protein is representative of a group of hexameric SF4 helicases involved in the replication of IncQ plasmids (34, 35) , the larger Halomonas phage RepA-like protein, also identified in the sequence homology search, is a SF2-like helicase and a sequence-specific DNA-binding protein probably involved in replication of the phage's linear genome (36) . These findings suggested that D2 may be an initiator and helicase protein with a role in T5 replication.
Our attempts to express the native soluble D2 protein were unsuccessful (data not shown); however, we were able to produce biologically active His-MBP-D2 fusion proteins that were analysed in detail. Initial biochemical assay of purified D2 demonstrated a DNA-dependent ATPase activity stimulated by a variety of linear singleand partially double-stranded DNA substrates, consistent with the prediction that D2 is a helicase. Furthermore, the kinetics of these activities ($23-33 s À1 depending on the DNA cofactor, Figure 8) 0 -3 0 unwinding activity, and the polarity can be distinguished by a number of other criteria. First, unwinding in the 3 0 -5 0 direction is initiated on test substrates with short (5 base) ssDNA tails, compared with a requirement for longer tails (>45 bases) to achieve similar extents of unwinding at higher protein concentrations in the 5 0 -3 0 direction. This is also reflected in D2 protein-DNA-binding affinity. Second, stable unwinding complexes form on substrates with 3 0 ssDNA tails but not 5 0 tails of equivalent length, manifesting as enhanced apparent 3 0 -5 0 processivity, even without hydrolysable ATP. Third, the rates of accumulation of product are greater for the 3 0 -5 0 unwinding activity, and finally, the polar unwinding activities show a marked difference in salt sensitivity. While the 3 0 -5 0 unwinding activity is insensitive to salt concentration over the 20-140 mM range tested, the 5 0 -3 0 activity decreases $10-fold. However, the ATPase stimulated by helicase substrates with 3 0 or 5 0 T 55 extensions was relatively insensitive to changes in salt concentration. This could indicate that a catalytically productive interaction is made by D2 with T 55 -tailed substrates of either polarity, but with substrate 5 0 T 55 -ds20, the chemical energy of ATP hydrolysis is not channelled effectively to the mechanical events of unwinding. These data may indicate that the relative extent of the polar unwinding activities could be regulated in a physiological context.
Helicases can be classified simplistically based on whether they are hexameric rings in the active form or not (10) . SF2 (and SF1) helicases are considered to be non-ring form helicases that are usually functional in a low oligomeric form (39) (40) (41) . In some cases, SF1 and SF2 helicases function as monomers but multiple subunits can assemble and track together on DNA to increase the overall unwinding efficiency [such as T4 Dda (42, 43) , HCV NS3 (44) and Bacillus stearothermophilus PcrA (45)]. Rate-zonal ultracentrifugation 5 and lanes 11-15) . At 140 mM NaCl, the 5 0 -3 0 unwinding activity was almost completely inhibited (lanes 6-10), but not the 3 0 -5 0 unwinding activity (lanes [16] [17] [18] [19] [20] . The graphed data are for the highest concentration of D2 tested, 10 nM. (B) ATPase activity stimulated by 5 0 T 55 -ds20 and ds20-3 0 T 55 (25 nM D2 and DNA, n = 3, mean and SD). Turnover numbers were calculated from the 5-min time point by dividing the amount of product formed by the molar quantity of enzyme and time in seconds: 5 , with D2 and the 32 P-end-labelled helicase/ATPase substrates. An initial complex C1 that formed at low protein concentrations and a second complex C2 whose formation was ssDNA-length and protein-concentration dependent were observed. The observed binding and stoichiometries are also consistent with D2 binding in C1 as a low oligomeric form, less than hexameric. When binding to partially single-and double-stranded DNA helicase substrates, the 3 0 ssDNA extensions and the initial formation of C1 promotes formation of C2 ( Figure 5 ). Again, as unwinding is initiated efficiently on test substrates (20 bp dsDNA) with short 3 0 overhangs (5-15 T bases) and the ssDNA length for formation of C2 is >35 bases, it is unlikely that formation of the higher order species C2 is obligatory for unwinding. Furthermore, C2 formation does not appear to be truly co-operative, as the results do not indicate that the D2-dimerization constant exceeds the DNA binding constant; C1 is always in excess over C2 until protein is saturating. Nonetheless, the observation that the polarity of the ssDNA overhang (3 0 ) influences the efficiency of C2 formation could indicate that orientation-specific dimers form, as noted above for HSV UL9 (32) . This could be a mechanism to increase 3 0 -5 0 helicase activity in vivo. Helicases normally demonstrate unidirectional unwinding activity, and bipolar helicases are rare. A literature search reveals that only 10 bipolar helicases have been discovered in all organisms to date, including E. coli RecBCD (46, 47) , Staphylococcus aureus and Bacillus anthracis PcrA (13, 48) , Sulfolobus acidocaldarius HerA (49), Plasmodium falciparum PfDH45 and PfDH60 (50, 51) , pea PDH47 (52), rabbit eIF4A (53), human p68 (54) and hChlR1 (55) . Hence, to our knowledge, D2 is the first identified bipolar helicase encoded by a virus. As discussed above, D2 displayed a biased unwinding polarity preference (3 0 -5 0 unwinding > 5 0 -3 0 unwinding activity). Different levels of unwinding activity in either the 5 0 or 3 0 direction are common for most of the bipolar helicases characterized to date (13, 46, 48, 51, 52, 55) . Therefore, although it is conceivable that the presence of the MBP fusion tag influences D2 unwinding to generate the biased polarity, we consider this unlikely. In general, a major barrier to understanding the exact role of this feature of the bipolar helicases is that there is little information available on their biological functions. Furthermore, for D2, the identified homologues (UL9 and the RepA-like proteins of a Halomonas phage and P. putida) provide few additional clues as to the significance of the bipolar activity, as UL9 is unidirectional (3 0 -5 0 ) and the RepA proteins have not been characterized biochemically. However, enticing speculation arises from the observation that non-hydrolysable adenine nucleotides support limited 3 0 -5 0 helicase action. By definition, helicases couple protein conformational changes induced by ATP binding and hydrolysis to nucleic acid translocation and unwinding, although non-enzymatic strand displacement by some ssDNA-binding proteins such as human replication protein A (RPA) (56) can occur through stable ssDNA nucleoprotein filament formation. ATP-independent unwinding, albeit slow or limited in efficiency and extent, has been reported for only a small minority of characterized helicases [for example, the E. coli DEAD box helicase DpbA (57)]. More relevant though, HSV UL9 helicase, the protein with the most sequence similarity to D2 that we identified, can unwind the dsDNA HSV origin of replication (ori) in the absence of nucleotides. Although this UL9 initiator activity is dependent on interaction with the HSV single-stranded binding protein ICP8 (58) , the D2 nucleotide dependent but ATP hydrolysis and accessory protein independent unwinding activity could, nonetheless, suggest a role for D2 in T5 replication initiation.
Recently, a model to explain how the polarity preference for unwinding relates to the function of the E. coli RecBCD bipolar helicase has been proposed. The recombinational repair enzyme RecBCD possesses two independent helicase subunits with opposite polarity (RecB: 3 0 -5 0 helicase, RecD: 5 0 -3 0 helicase) that translocate along both ssDNA strands of duplex DNA (59, 60) . The bidirectional unwinding biased towards one direction results in the two helicase subunits moving on opposite strands at different speeds during unwinding. The faster motor is a leading motor acting as a genuine helicase, while the slower motor is a trailing motor acting as an ssDNA translocase. Two motors with different speeds were reported to adjust the overall speed of RecBCD. Before Chi (, crossover hotspot instigator) sequence recognition, RecD is the faster motor and an ssDNA loop forms ahead of the slower RecB motor. When Chi is recognized and tightly bound by RecC, RecB becomes the leading motor and the speed of RecD is reduced to be below that of RecB. Consequently, the existing ssDNA loop shortens and another one forms behind RecB, where the RecA protein is loaded at a rate matched to the slow growth of the new ssDNA loop. The ssDNA strand is then prepared for recombination and repair (60) (61) (62) .
The biological role of D2 helicase bipolarity is difficult to discern, as bacteriophage T5 replication is poorly understood at present. The genomic location of D2, on a segment of the DNA that is transcribed after secondstep transfer, offers few clues beyond hinting at a possible role in replication. Nearby genes include RNaseH (AAU05228), an anaerobic ribonucleotide reductase (AAU05236), thymidylate synthase (AAU05229), two subunits of ribonucleoside-diphosphate reductase (AAU05233 and AAU05231), dihydrofolate reductase (AAU05230) and NAD-dependent DNA ligase subunits (AAU05253 and AAU05254) and DNA polymerase (AAU05259) lie within 12 kb of the D2 locus. Also, a previous study demonstrated that amber mutants in D2 showed no net DNA replication at 80 min post infection (63) . As discussed above, as D2 shares some sequence similarity with DNA replication initiator proteins/helicases, the genomic location and observed biochemical activities are all consistent with the notion that D2 encodes a replication initiation protein that unwinds DNA at the replication fork. Furthermore, two D2 helicase motor units of opposite polarity and efficiency may lead to the formation of sterically separated ssDNA loops, as described in the RecBCD model. T5 DNA replicons consisting of multiple internal origins of bidirectional synthesis resembling theta and/or sigma structures have also been observed (64) . Thus, two helicase motors with different speeds may act as a molecular 'gearbox' in DNA replication. The switch of the acting leading motor between the two helicases may adjust the overall speed of the replication machinery to coordinate continuous leading-strand and discontinuous lagging-strand DNA synthesis at the replication fork, preventing leading-strand synthesis from outpacing lagging-strand synthesis. Alternatively, D2 could function in distinct T5 replication pathways that require either unwinding polarity.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online: Supplementary Table 1 , Supplementary Figures 1-8 and Supplementary Reference [65] . 
